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Abstract In this paper, we report a mechanistic study of RuOy-catalyzed oxidation on the 2-
methylisoxazolidine through computational methods. The investigation was performed taken into
consideration that the oxidation could take place on different sites of the substrate. This reaction
occurs in two steps, involving a double H-transfer. In particular, the rate-determining one implies
a [3 + 2] one-step, but asynchronous mechanism. In the first step, when methyl propanoate is used
as solvent, the formation of an ion pair, which affords to the product, is involved. Furthermore, the
study highlights that all carbon atoms of the isoxazolidine system, near to the heteroatoms, can

undergo the oxidation process. The detected selectivity is correlated to the stability of the corre-
sponding carbocations, leading to the N-methylisoxazolidin-3-one as preferred product.
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1. Introduction

The first example of organic substrates oxidation with ruthenium
tetroxide (RuQ,) dates back to 1953 (Djerassi, et al., 1953). Since then,
despite its high reactivity, reactions employing RuO,4 have not found
general applicability, due to their lack of selectivity. Only in the
1990 s, the first successful applications of this oxidation method in
organic chemistry appeared in literature (Piccialli, et al., 1993; Shing,
et al., 1994; Shing, et al., 1996). RuO4 demonstrated to be a powerful
and very selective oxidant for the dihydroxylation of olefins, resulting
fast and efficient, and proceeding better than the analogous reaction
using OsOy.

More interestingly, several research groups have discovered new
and highly selective oxidative reactions, using RuO, for the oxyfunc-
tionalization of saturated hydrocarbons. The high reactivity and
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selectivity of this oxidant avoids the obtainment of side products
(Piccialli, et al., 1993; Shing, et al., 1994; Shing, et al., 1996).

The commonly used protocol involves a biphasic system of an
organic solvent and water, using RuOy in a convenient catalytic route.
RuQ, could be obtained in situ from hydrated ruthenium trichloride or
ruthenium dioxide. Once reduced, it can be regenerated by various
reoxidizing agents such as sodium periodate.

A very useful application of RuOy is the oxidation of cycloalkanes;
these oxidations have been thoroughly investigated by different
research groups with particular attention to the possible reaction
mechanisms. Based on either kinetic isotope or solvent and substituent
effects Bakke et al. (Bakke, et al., 1986) suggested in 1986, the forma-
tion of cations during the oxidation reaction of some cyclic hydrocar-
bons. Carbocations have been assumed to be formed by the extraction
of hydride ions from a reactant or by the abstraction of a hydrogen
atom from an initially formed radical cation.

In 1989, Waegell et al. proposed a cyclic (2 + 2) addition mecha-
nism and in the next year, the same research group discarded the ionic
mechanism, and proposed a concerted but asynchronous (3 + 2) addi-
tion reaction involving a five-membered ring as rate-determining tran-
sition state (Tenaglia, et al., 1990).

Finally, in 1992, Bakke ef al. considered both the via ion-pair and
(3 + 2) addition mechanisms (Bakke, et al., 1992). In this work, the
assumed oxidation reaction model involves the concomitant formation
of the carbocation nearby the nucleophilic species HRuOj leading to
very fast collapse of the ion-pair, to give the reaction product. Never-
theless, also a mechanism with a cyclic transition state with a well-
developed positive charge on the C atom was not excluded.

More recently, papers concerning theoretical studies on these oxi-
dation reactions appeared in literature. Deng et al. (Deng, et al.,
1997) used a DFT method to investigate the oxidation of methanol
to formaldehyde by oxometal complexes. Frunzke er al. (Frunzke,
et al., 2004) reported a systematic quantum chemical investigation of
ethylene oxidation with RuQy, leading to the scission of the C-C bond.
Taking up the mechanistic controversy in 1990 s, the RuO4-mediated
catalytic oxidations of various cycloalkanes (adamantane, cis- and
trans-decalin, methane) were theoretically studied by Strassner though
DFT calculations at the B3LYP/6-31G(d) level, in order to investigate
the corresponding reaction mechanisms. The analysis of the transition
states allowed a comparison with the experimentally determined acti-
vation enthalpies and free energies and the obtained results supported
a (3 + 2) mechanism, involving the interaction of the 5-CH with the
O-Ru-O moiety (Drees, et al., 20006).

The first example of a direct oxidation of the isoxazolidine nucleus
to the 3-isoxazolidone was previously reported (Piperno, et al., 2007).
In this study, the reaction was carried out using RuO,/NalO,4, under
ethyl acetate/water biphasic conditions. High regioselectivity was
observed, since the oxidation reaction occurred exclusively at position
3 of the isoxazolidine ring. More recently, we performed a preliminary
study of ruthenium tetroxide-mediated oxidation of cyclopentane,
tetrahydrofuran, tetrahydrothiophene and N-substituted pyrrolidines
through DFT and topological methods, confirming that, on these sub-
strates, the rate-limiting step of the reaction takes place through a
highly asynchronous (3 + 2) concerted cycloaddition reaction
(Pedron, et al., 2019). Starting from these bases, and considering our
expertise concerning cycloaddition reactions and synthesis of hetero-
cyclic compounds (Legnani, et al, 2007, Legnani, et al, 2016;
Legnani, et al, 2015; Chiacchio, et al., 2017; Merino, et al., 2017;
Merino, et al., 2017; Giofre, et al., 2016; Chiacchio, et al., 2019), in this
paper, we report a complete computational mechanistic study on the
oxidation reaction of 2-methylisoxazolidine with RuO,. The study con-
cerns the trend of the regioselectivity, focusing attention on the possi-
ble oxidation of all the carbon atoms of 2-methylisoxazolidine 1.

The study carefully accounts for the origin of the selective oxida-
tion of the C3 of 2-methylisoxazolidine 1 with the aim of trying to clar-
ify not only the mechanism of the oxidation reaction, but also the
selectivity.

2. Results and discussion

2.1. Theoretical calculations

All calculations were performed using the Gaussianl6 pro-
gram package (Frisch, et al., 2016), through optimizations
with the Thrular’s functional M062x (Zhao, et al., 2008;
Zhao, et al., 2008) and 6-31G(d) basis set for all atoms, while
the Stuttgart/Dresden ECP was used for Ru, as reported in lit-
erature (Drees, et al., 2006). Optimizations were also per-
formed in solvent (methyl propanoate) at the same level in
the classical polarizable continuum model (PCM) (Cances,
et al., 1997.; Cossi, et al., 1996; Barone, et al., 1998). More-
over, to check the validity of the obtained results, calculations
were repeated using both the larger basis set 6-31 + G(d,p)
with the m062x functional, and a different DFT method
(b3lyp/def2svp/emp = gd3bj/int = ultrafine/solvent = water).

The supposed oxidation mechanism of isoxazolidine ring,
reported in literature, (Piperno, et al., 2007) presents two sep-
arate steps: the first one is the activation of the R-CH bond,
giving product P;, coordinated to the Ru(VI); the second
one regards the second hydrogen transfer with the final obtain-
ment of the oxygenated compound and Ru(IV). Accordingly,
the oxidation reaction of 2-methylisoxazolidine 1, using
RuO4, can lead to 2-methylisoxazolidin-3-one 2 or
isoxazolidine-2-carbaldehyde 3 (Scheme 1), because of the pos-
sible attack of the oxidizing species on C3 or Cl’, respectively.

Reagents, intermediate products, and transition states (TSs)
along the reaction pathways have been taken into considera-
tion and located.

The geometries of isolated reacting species, ie., N-
methylisoxazolidine 1 and RuQ,, were optimized.

We considered, as first event in the oxidation reaction, the
formation of a bimolecular pre-reaction complex between N-
methylisoxazolidine and RuQy, as recently reported in litera-
ture (Mitka, et al., 2021; Dresler, et al., 2018; Jasinski, et al.,
2018).

Actually, also in our case, the two addends pass through a
bimolecular complex with nonbonding interactions between
the oxygen atoms of RuO,4 and hydrogen atoms of the isoxa-
zolidine system. Nevertheless, considering the different level
of calculations, this specie is not a minimum in the free energy
profiles, but only in the energy ones (see Figures S5-S7 in the
Supporting Information).

Subsequently, the modeling study considered the first step,
giving the endo and exo products P1.

All the possible minimum energy conformers of P1 were
taken under consideration and in Fig. 1 the three-
dimensional plots of the preferred ones are reported. In the
case of the endo pathway, considering the free energy relative
values, the preferred geometry showed the N-methyl in a
pseudo-equatorial position with formation of a N---HO hydro-
gen bond with the O(3) atom (P1_endo_A). The other favorite
conformations had the N-methyl in a pseudo-axial position
and differ each other for the orientation of the O(3)-Ru bond
(see Scheme 1). In both these cases, there is the formation of a
hydrogen bond with the nitrogen of the isoxazolidine ring
(P1_endo_B) or the O(3) atom (P1_endo_C).

For the second hydrogen transfer, conformation
P1_endo_C represents the starting point. The transition from



Ruthenium tetroxide oxidation of N-methyl-isoxazolidine 3
2
1 O
O\\Ru// 0 Ox /OH
/ \03 X /Ru\
40\\ : H HO’Ru:O O\ O
H-7¢ ) H- 1)
—N{ N H _N_ OH
/N\ + RuO4 /N\ 0 /N\ + 0:1}11
TS1_endo o TS2_endo o OH
1 P1_endo 2
1
O. _02
Ru”
/N
TS1 exo | O Q3
H- . -N
T o
H
- OH
HO Ru=0 TS2 exo

P1_exo

Scheme 1
2 and isoxazolidine-2-carbaldehyde 3, respectively.
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Fig. 1  Three-dimensional plots of the most stable conformers of

intermediates P1 in the endo and exo pathways of the oxidation
reaction of 2-methylisoxazolidine with RuOy4. The corresponding
relative Gibbs energies in methyl propanoate (kcal/mol) and
Gibbs energies in vacuo (in parentheses), with respect to the
isolated reacting species, are reported. All imaginary frequencies
are positive.

a conformation to the other one does not necessarily occur
through a conformational change overcoming a very low
energy barrier. Also the exit or entrance of a hydrogen atom
in another position can give the starting structure for the

O\/N/_j ///N/:j + O:I|{u

Mechanistic pathways of the oxidation reaction of 2-methylisoxazolidine 1 with RuQy, leading to 2-methylisoxazolidin-3-one

second reaction step. All the other located conformations of
P1_endo resulted to be less stable by about 10 kcal/mol.

Concerning the exo pathway, conformation P1_exo_A is
the preferred one (Fig. 1).

It was reported (Piperno, et al., 2007) that the product P1 is
obtained by the activation of the R — CH bond, in a one-step
five-membered transition state, with the simultaneous transfer
of hydrogen and the formation of the new C(3)-O(3) bond.

Moreover, for the oxidation of a saturated hydrocarbon
(Coudret and Waegell, 1994), a competitive mechanism was
reported with a higher energy linear transition state to form
an ion pair. This hypothesis can be also applied to our case,
as shown in Scheme 2.

The transition state (TS1), leading to P1 for both the endo
and exo pathways, was located and the corresponding IRC
analysis was performed in both the forward and the backward
directions (Figure S1). In the forward direction for TS1_endo
pathway, we obtained a species very similar to a ion pair with
a partial character of double bond between C(3) and N and the
O(3)-oxygen negative charged, with a distance C(3)-O(3) of
2.74 A. However, when optimized in the gas phase, the ion pair

Q
HO'RU\:O
ot 0
TS1 _end =Ru— TSI
R L
(@) /y —N_
—N_ O
1 P P1_endo

Scheme 2 Alternative proposed mechanistic pathways for the first step of the oxidation reaction of 2-methylisoxazolidine 1 with RuOy,,

leading to 2-methylisoxazolidin-3-one 2.
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Fig. 3 Three-dimensional plots of the transition states TS1 of
both the endo and exo pathways and TSI in methyl propanoate.
Displacement vectors for TS imaginary frequencies (-760.15,
—762.31, —58.82 for TS_endo_A, TS_exo_A, and TSI, respec-
tively) are shown as dotted lines and distances are reported in
angstroms.

Fig. 5 Length (10\) of the forming H — O(4), O(3)-C(3,1") and
breaking C(3,1') — H bonds [d(H — O(4)), d(O — C(3,1")) and d(C
(3,1") — H), respectively] at the forward (positive) and backward
(negative) points in the IRC analysis, starting from (A) TS1_endo
(point 0) and (B) TS1_exo (point 0).

it straight fell into the energy hole corresponding to the
P1_endo compound. Contrary to the unsuccessful attempts
in vacuo, the ion pair was located through optimization in

Fig. 4 NBO analysis of the Ion Pair IP and the following transition state TSI, leading to P1_endo_A.
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Fig. 6 (continued)

methyl propanoate and in water, while in carbonium tetrachlo-
ride, as expected, it was not a minimum. We selected methyl
propanoate as solvent, and in this media, starting from the
ion pair IP, through a scan analysis, performed progressively
approaching C(3) and O(3), also the transition state, corre-
sponding to the formation of this bond (TSI) and connecting
the ion pair IP to P1_endo, was located (Fig. 2).

The same IRC analysis was repeated starting from
P1_exo_A (Figure S2). Also in this case, the forward direction
involved a species presenting a partial character of double
bond between the methylene carbon atom (C1’) and the N

atom, and with the O(3) atom negative charged, even if with
a shorter distance between C1’-O(3) (2.50 /OX) with respect to
the endo C3-O(3) detected distance. In this case, the ion pair
was not located neither in vacuo nor in solvent, and the opti-
mization directly gave P1_exo_A. This result might be justified
by the lower stability of the less substituted iminium ion of the
exo pathway with respect to the more substituted endo one.
In Fig. 3 are reported the 3D-plots of the preferred confor-
mations of the first step transition states (TS1) for both the
endo and exo pathways and the TSI, optimized in methyl

propanoate.
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The nature of ion pair IP and the transition state TSI was
established by natural bond order (NBO) analysis (Fig. 4).
When the secondary hydrogen atom in alpha to the nitrogen
one of the isoxazolidine ring is transferred to the oxygen of
the ruthenium, the values of the NBO analysis show that it pre-
sents a negative charge (-0.83), while the corresponding carbon
and nitrogen atoms positive charges (0.105 and 0.52, respec-
tively). These charge differences resulted from the involvement
of the intimate ion pair along the reaction pathway, with the
formation of the iminium ion. The transition state (TSI) lead-
ing to P1 shows very similar characteristics. In both ion pair
(IP) and transition state (TSI), large dipole values were
observed (IP: 14.4 D; TSI:14.5 D).

Moreover, the careful examination of the timing of bond
formation and breaking (Fig. 5), for both the endo (A) and
exo (B) pathways, showed for C(3)-O(3) (red one in graph) a
gentler slop of the trend line with respect to C(1')-O(3), thus
justifying in the latter case, a one-step, though asynchronous
mechanism (Domingo, et al, 2018).

As clearly shown by the profiles reported in Fig. 6, a com-
petition between oxidation on position 3 of the ring, and on
the alpha carbon of the side chain C(1’), both promoted by
the presence of the activating nitrogen atom, might be consid-
ered. The regioselectivity-determining step for the oxidation
reaction corresponds to TS1. The transition state TS1_endo
(black), that gives P1_endo, and consequently the oxidation
on the ring, in solvent is lower by about 2 kcal/mol than
TS1_exo (red), related to the oxidation on the methyl group.
Therefore, by computational data, the oxidation reaction is
faster on the ring than on the N-methyl substituent, confirming
the reactivity decrease of primary C-H bond, with respect to
the secondary one (Plietker, 2005.).

Moreover, in literature (Plietker, 2005; Florea, et al., 2017)
is reported that various heteroatom-containing compounds
undergo oxidation of methylene groups at the o-position.
Not only amines and amides are oxidized to give amides and
imides, respectively, but also ethers can be converted into
esters and/or lactones. Because of the presence into the isoxa-
zolidine ring of both nitrogen and oxygen atoms, the possible
competition with oxidation on the ring at position 5 was also
investigated.

The transition state TS1_O, leading to isoxazolidin-5-one,
was located and resulted to be less stable than the preferred
TS1_endo by about 4.34 kcal/mol, even if the energy barriers
do not exclude a possible competition between the two oxida-
tion reactions.

The IRC analysis (Figure S3), performed for TS1_O, in
both the forward and backward directions clearly indicates
the formation of a product with the new C(5)-O(3) bond
almost completely formed (d = 1.95 A), as evidenced by the
trend for the forming bond, reported in Fig. 7. This different
behavior, with respect to that of the forming bond C(3)/C1’-
O(Q3) for TS1_endo and TS1_exo (Fig. 5), might be due to
the lower electronegativity of the N atom compared to the O
one and therefore, to its greater availability to give the electron
pair for the formation of the double bond and the stabilization
of the isoxazolidinium ion. Therefore, for the N atom the path-
way through the ionic pair seems to be preferred.

Moreover, to complete the study, the oxidation reaction on
C4, which is not adjacent to any heteroatom, was also consid-
ered. As expected, it presents very high barriers (about
30 kcal/mol).

With regard to reaction progression, the second step easily
occurred with a new H transfer, with higher barriers for the
exo pathway with respect to the endo one, both in vacuo and
in solvent (AAGvacuo(TS2_endo) = 22.70 kcal/mol, AAGva-
cuo(TS2_exo) = 29.56 kcal/mol; AAGsolvent(TS2_endo) = 2
1.21 kcal/mol, AAG vacuo (TS2_exo) = 26.94 kcal/mol).
The corresponding three-dimensional plots of transition states
TS2_endo and TS2_exo are reported in Fig. 8. During the sec-
ond reaction step, a ring conformational change occurred at
the same time as the H transfer. The second transition state
(TS2) is formally like the TSs located for thermal beta-
elimination of carboxylic acids from esters (Kacka, A, et al.,
2018; Kacka, B. A., et al. 2017; Kacka-Zych, A., et al., 2016).

Because of the higher barriers, the second step can be
defined as the rate-determining one. Conversely, as above dis-
cussed, the first step determines the regioselectivity of the reac-
tion. Indeed, from a kinetic point of view, the energy profile is
relative to a non-steady state reaction with two irreversible
steps. Although the highest transition state is the first, the cor-
responding step shows smaller activation energy, when com-
pared to the second one. Therefore, reagents will be swiftly
converted to P1 that will give slowly the final products.

3.5
\\3‘_
2.5
2 4
1.5 4

» [dC(5)-0(3))

0.5

O
r T T © T T T 1

-150 -100 -50 0 50 100 150 200

Fig.7 Length (A) of the forming O(3)-C(5) bond at the forward
(positive) and backward (negative) points in the IRC analysis,
starting from TS1_O (point 0).

130/

138

TS2 ende IS2 exe

Fig. 8 Three-dimensional plots of the transition states TS2 of
both the endo and exo pathways in methyl propanoate. Displace-
ment vectors for TS imaginary frequencies (-1523.94, —1606.04 for
TS2_endo, TS2_exo, respectively) are shown as dotted lines and
distances are reported in angstroms.
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carbon atom.

Considering the exo route, once the Pl_exo has been
obtained, another possibility is that the second hydrogen atom
is extracted not yet at C(1’), but at position C(3), with a com-
petition between TS2_exo and TS2_sec (Scheme 3).

With respect to the reagents, the new located transition
state TS2_sec presents relative Gibbs energies of —43.67 kcal/-
mol and —36.72 kcal/mol in methyl propanoate, and in vacuo,
respectively (vs —39.72 kcal/mol and —36.04 kcal/mol of TS2-
exo), confirming the possible competition of the two reactions.

The IRC analysis in the forward direction (Figure S4) gives
a complex (Complex_TS2_sec) that evolves to formaldehyde,
4,5-dihydroisoxazole (see Scheme 3) and to the precursor, for
the regeneration of the oxidizing agent.

Finally, in order to check the validity of the obtained
results, calculations were repeated with the same functional,
but taking under consideration diffuse and polarization func-
tions, using the larger basis set 6-31 + G(d,p), and also eval-
uating a different DFT method (b3lyp/def2svp/emp = gd3bj/
int = ultrafine/solvent = water). The corresponding energy
profiles (Figures S5-S7) are in all cases very similar to those
reported in Fig. 6, confirming the reliability of the presented
data.

3. Conclusions

In this paper, we report a computational mechanistic study of
the oxidation reaction of 2-methyl isoxazolidine using RuOy,
taking into consideration the different sites where the oxida-
tion could take place. Firstly, we considered the oxidation at
position 3 (endo) and 1’ (exo), nearby the nitrogen atom. In
vacuo, we confirmed a highly asynchronous [3 + 2] one-step
mechanism. In particular, the first step of the reaction consists
in a H-transfer and a O-C bond formation that occur sepa-
rately, within the same reaction coordinate, through a five-
membered transition state. When using methyl propanoate

as solvent, in the first step, exclusively for the endo route, when
the H-transfer occurs, an ion pair that evolves to the Pl-endo
product is located.

However, since all the hydrogen atoms of the isoxazolidine
system, near to the heteroatoms, could be transferred by oxi-
dation with RuOy, the reaction at position 5 was also taken
under consideration. In general, the selectivity, tuned by the
stability of the corresponding transient carbocation, was
detected. The energy barriers for the oxidation of the various
carbon atoms of the isoxazolidine system (C3, C4, C5, Cl')
are correlated to the stability of the carbocation, leading to
N-methylisoxazolidin-3-one as preferred product.

The IRC analyses showed that, during the first step, the C-
H distance of the breaking bond is stable until the transition
state and then, starts to grow up. Calculations allowed to sup-
pose an electron transfer, in which the electron jumps from
isoxazolidine system to Ru. The negatively charged RuO™ moi-
ety carries away the proton and a subsequent rearrangement
takes place with the formation of the ion pair.

The energy barrier of the second step is higher than that of
the first one. Thus, the second step can be defined as rate-
determining, taking into account all the catalytic cycle. Con-
versely, the first step, that is irreversible, determines the regios-
electivity of the reaction, and can be considered as the
regioselectivity-determining step.
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